Introduction {#s1}
============

Clonal plants are represented in the majority of plant lineages (van Groenendael et al., [@B91]). Due to their ability to reproduce vegetatively, clonal plants have the potential to generate independent offspring through the addition of ramets (shoot, rhizome, and root unit). Clonality is most common in monocots, hence clonal species are common in aquatic habitats where monocots from the Alismatales are prevalent. They also dominate under stressful conditions, such as cold and nutrient-poor environments (van Groenendael et al., [@B91]; Ye et al., [@B108]). Populations of clonal plants are comprised of a collection of ramets from a number of genets, where a genet is a single individual (Harper, [@B31]). The number of genets in a population influences the level of clonality and the number of ramets linked to each genet and the relatedness of these genets affects clonal structure such as the clonal richness, heterogeneity or evenness (Arnaud-Haond et al., [@B3]). One of the most commonly used measures of clonality is "clonal richness"(R), defined as the number of genotypes (G) relative to the number (N) of samples assessed (R = (G -- 1)/(N -- 1) (Dorken and Eckert, [@B18]).

Disturbances, varying both spatially and temporally, can have a profound influence on the clonal structure of a population (Eriksson, [@B21]). Clonal richness is strongly dependent on the biology of the species, particularly the rate of new genet recruitment (e.g., Zipperle et al., [@B110]), the mortality rate of existing genets, the competitive interactions between the genets, and how these characteristics interact with the environment (Sebens and Thorne, [@B75]). For example, intermediate levels of disturbance can facilitate high clonal richness, as it provides opportunities for recruitment of new genets into the population (Sebens and Thorne, [@B75]). In contrast, high levels of disturbance can lead to low clonal richness due to mass mortality of genets combined with low recruitment of new genets (Sebens and Thorne, [@B75]; Eriksson, [@B21]). The latter has been demonstrated using the example of grazing by birds on water plants, with heavy grazing leading to low clonal richness (Hangelbroek et al., [@B30]). However, enhanced clonal richness under moderate levels of grazing or disturbance has not been demonstrated (Reusch, [@B71]; Hidding et al., [@B33]). Under low levels of disturbance, a range of scenarios are possible: with low recruitment and/or the presence of competitively superior genets, low clonal richness will persist (e.g., van Dijk and van Tussenbroek, [@B90]); but with regular recruitment, even at low rates, clonal richness can be high (e.g., van Tussenbroek et al., [@B92]).

The clonal richness of plant populations is predicted to decrease with latitude, as higher latitudes are considered more stressful and genets within the population will rely more on clonal reproduction, leading to a lower clonal richness (Stenström et al., [@B80]; Ye et al., [@B107]). This is based on evolutionary drivers related to the latitudinal diversity gradient, where species richness and genetic diversity of a range of plant and animal species decline from low to high latitudes (Tittensor et al., [@B85]; Vellend et al., [@B94]; Pope et al., [@B63]; Hernawan et al., [@B32]). Spatial patterns of within-population clonal richness show contrasting results: declines in clonal richness with latitude (e.g., Stenström et al., [@B80]); or no relationship (e.g., Olsen et al., [@B59]; Vik et al., [@B95]). This highlights the importance of local-scale processes that affect population genetic structure, such as reproduction, dispersal, and bottlenecks, that can strongly influence clonal richness (Olsen et al., [@B59]). For example, physical isolation and dispersal limitation, the location of the population in relation to the edge of maximum thermal distributional limits and stressful conditions have all been associated with a lower clonal richness (Reusch et al., [@B73]; Billingham et al., [@B6]; Olsen et al., [@B59]; Bienau et al., [@B5]).

Seagrasses are a polyphyletic group of clonal, marine flowering plants. Like many aquatic plants, they have broad distributions and a low number of species (den Hartog, [@B16]; Les et al., [@B51]; Jannsen and Bremer, [@B44]; Short et al., [@B77]). In addition, they have a range of life history strategies characterized by differences in the frequency and investment in sexual reproduction, longevity of genets and response to disturbance (Kilminster et al., [@B48]). These features present a model group to assess broad-scale patterns in clonal richness and the drivers of clonal richness. Historically and in general, seagrasses were considered to rely primarily on clonal reproduction for population persistence; however, over the last two decades population genetic studies have highlighted the high clonal richness of most populations and species (Kendrick et al., [@B47], [@B46]). Positive effects of high clonal richness have been clearly demonstrated, such as a greater resistance to disturbance (Hughes and Stachowicz, [@B39], [@B40]; Reusch et al., [@B72]; Ehlers et al., [@B19]; Arnaud-Haond et al., [@B4]) or by providing greater diversity in plant traits (Evans et al., [@B22]), especially in responses to perturbations (Salo et al., [@B74]). Low richness has been observed and attributed to historical conditions over evolutionary timescales such as at the edge of the range in some species (Reusch et al., [@B73]; Olsen et al., [@B59]; Evans et al., [@B23]), the edge of thermal limits to seagrass growth (Billingham et al., [@B6]), and stressful environmental conditions (Olsen et al., [@B59]; Diaz-Almela et al., [@B17]).

The aim of this study is to assess the patterns and drivers of clonal richness in three tropical seagrass species across a range of life-history strategies and spatial scales in Indonesia and NW Australia. This region is a global hotspot of biodiversity for both terrestrial and marine life (Myers et al., [@B57]; Renema et al., [@B70]), where the intra-species genetic diversity of marine life tends to decline with latitude (Pope et al., [@B63]; Hernawan et al., [@B32]). The region is exposed to a number of disturbances that could affect seagrass such as cyclonic seas and dugong grazing, and is exposed to a range of environmental conditions that could pose a stress to seagrasses such as variation in turbidity and the latitudinal gradient in temperature. Two main questions will be addressed: Does intra-species clonal richness decline with latitude? and What environmental variables best explain spatial patterns of clonal richness?

Methods {#s2}
=======

General approach
----------------

Two spatial scales were assessed in this study: a broad spatial scale over 26° latitude from Indonesia to Australia and a fine scale over 8° latitude in the Eastern Indian Ocean, along the NW Australian coast between Broome and Shark Bay. The species *Thalassia hemprichii* was collected over the broader scale. It is a persistent species that is, compared to other tropical seagrass species, relatively slow-growing and resistant to disturbance (Kilminster et al., [@B48]). It produces buoyant fruits containing a single, direct developing seed, regularly reproduces annually (van Tussenbroek et al., [@B93]) and is potentially long-lived. Two species, *Halophila ovalis* and *Halodule uninervis* were collected over the finer scale. The life-history strategy of these two species is colonizing, and compared to other tropical species they are fast-growing, not very resistant to disturbance but have an ability to recover rapidly (Kilminster et al., [@B48]). They both reproduce regularly, developing non-buoyant, dormant seeds that form a seed bank. *H. ovalis* is known to reproduce continuously in some locations with 7--15 seeds per fruit (Waycott et al., [@B102]) and *H. uninervis* forms one seed per fruit. *H. uninervis* populations sometimes follow an opportunistic life-history strategy, which is intermediate between a colonizing and persistent strategy, and thus this species is more resistant to disturbance and invests less in sexual reproduction compared to colonizing forms (Kilminster et al., [@B48]). This form is more common in populations with larger morphology (Waycott et al., [@B102]).

### Broader-scale study

Seventeen sites were sampled throughout Indonesia and on the Indian Ocean side of Australia over 26.6° of latitude (Figure [1](#F1){ref-type="fig"}, Supplementary Table [1](#SM1){ref-type="supplementary-material"}). Distances between sites ranged from 336 to 4 711 km. Populations in the middle of Indonesia (4,6,11,12) represent the center of the distributional range for *T. hemprichii*; whereas, the most southerly Australian sites represent the southern limit of its range. Hernawan et al. ([@B32]) have specifically reported on the genetic structure and connectivity of these sites, and highlighted that the central Indonesian sites have the highest genetic diversity and were the source for dispersal of populations following the last Pleistocene sea level lows \~15,000 years ago when the emerged lands become submerged with sea level rise (Hanebuth et al., [@B29]). *T. hemprichii* is a common meadow forming species from the equator to Broome (18°S) in Western Australia; south of that, it is not very common.

![Collection sites for the three species in this study **(A)**. *Thalassia hemprichii*; **(B)**. *Halodule uninervis*; and **(C)**. *Halophila ovalis*. Site names and codes detailed in Supplementary Table [1](#SM1){ref-type="supplementary-material"}.](fpls-08-02026-g0001){#F1}

### Finer-scale study

Eighteen sites were sampled on the NW coast of Australia in the Eastern Indian Ocean (Figure [1](#F1){ref-type="fig"}, Supplementary Table [1](#SM1){ref-type="supplementary-material"}) over 8.1° of latitude. These were grouped into nine locations, with two sites in each location separated by 2.5--10 km. Sites were selected to maximize the chance that both species were present, although this was not always possible. Fourteen sites had *H. ovalis*, 16 sites had *H. uninervis* and of these 11 sites had both. Both of these species are broadly distributed through the Indo-Pacific, with *H. uninervis* predominantly found in tropical regions, while *H. ovalis* extends into southern temperate waters to 34° of latitude on the Indian Ocean side of Australia (Short et al., [@B76]). The higher latitude sites were close to the edge of the distribution for *H. uninervis* along the western Australian coast, \~500 km from the range edge at 30.3° of latitude (Waycott et al., [@B101]). However, further south of the most southerly sites in this study, *H. uninervis* is rare.

Sample collection
-----------------

A site was defined as a circular area of 50 m diameter. Fifty samples were collected following two approaches. Where possible, they were collected from random compass bearings and distances along the bearing, which provides a robust method for measuring clonal richness (Arnaud-Haond et al., [@B3]). Each sample was separated by a minimum of 2 m, and if no seagrass was present at the randomly allocated position, it was collected from the next closest patch of seagrass. If the seagrass was distributed in such a way that this sample design was not possible, then samples were collected haphazardly with a minimum separation of 2 m between samples within a similar area.

Each sample consisted of a seagrass ramet with 1--3 connected shoots. Samples were stored in seawater at ambient temperature until processing. For *H. ovalis* apical meristems and young leaves were collected from each sample, and for *T. hemprichii* and *H. uninervis* the young part of the leaves without epiphytes were collected. All resulting samples were cleaned and stored in silica gel to preserve the DNA within 8 h of collection. A herbarium voucher specimen of each species from each site was also created.

DNA extraction and genotyping
-----------------------------

DNA was extracted from 2 to 3 leaf pairs, growing tips and/or shoots of silica-dried plant material. All extractions were performed using the AGRF extraction service ([www.agrf.org.au](http://www.agrf.org.au)). Forty six to forty eight samples from each site were genotyped. The lower numbers at some sites were due to running of duplicate samples to improve confidence in the genotpying results.

### T. hemprichii

Genotyping was conducted on 16 microsatellite markers developed by van Dijk et al. ([@B89]) and Wainwright et al. ([@B97]): Thh5-5 alleles, Thh34-4 alleles, Thh15-6 alleles, TH66-3 alleles, TH37-7 alleles, TH73-5 alleles, TH43-6 alleles, Thh8-5 alleles, TH34-8alleles, Thh41-4 alleles, TH52-9 alleles, TH07-4 alleles, Thh29-4 alleles, Thh1-4 alleles, Thh36-4 alleles, and Thh3-3 alleles. Fluorescently labeled primers were amplified in multiplex reactions using QIAGEN Type-it microsatellite PCR Kit and 0.1--1 ng of DNA template following manufacturer\'s guidelines. Fragment analysis by capillary separation was performed at the GGF (Georgia Genomic Facility, USA, <http://dna.uga.edu>) with GGF\'s size standard 500 ROX. Microsatellite alleles were scored with the Microsatellite plugin in Geneious R7 version 7.1.7 (Biomatters, Auckland, New Zealand).

### H. uninervis

For *H. uninervis* an alternative genotyping method was developed. A reduced-representation library was generated using a ddRAD approach (double digest Restriction-site Associated DNA) on a small selection of *Halodule* spp. samples from populations in this study area and other regions in northern and eastern Australia. The samples selected for the SNP selection came from a wide range of locations to capture as much genetic diversity as possible. The ddRAD approach roughly follows Peterson et al. ([@B62]) but with some adjustments as described in Villacorta-Rath et al. ([@B96]). The same restriction enzyme combinations were used. For this approach \~200 ng of DNA were digested with restriction enzymes EcoRI (rare cutter) and MseI (frequent cutter). EcoRI and MseI fusion adapters were ligated and libraries amplified with fusion primers containing the Illumina® sequencing adapters by real time PCR on a Roche LightCycler® 96 Instrument. The libraries were size selected by gel electrophoresis on a Pippin Prep (Sage science) and sequenced on a MiSeq (Illumina®) with the MiSeq Reagent Kits v3 and a 2 × 300 bp output. Reads were de-multiplexed, trimmed, and assembled to generate a "Provisional Reference Genome" (PRG, Hird et al., [@B35]) with both the CLC-Genomic Workbench (Qiagen) and Geneious R7 (Biomatters®) programs. The individual sample reads were then mapped separately to the PRG and loci with high sample coverage and variable SNPs were selected. All selected loci were checked against the NCBI nucleotide databases using the Basic Local Alignment Search Tool (BLAST) function to eliminate loci that might be of bacterial or fungal origin. Any loci with significant similarity to plastid sequences were also eliminated. Where the base calling was consistent with a diploid genome (heterozygote and homozygote sample calls) the locus was considered, 325 passed filter for MassArray® (Agena®) multiplex development. Multiplexes were developed with Assay Design Suite V2.0 following software guidelines and a subset of 135 loci with SNPs were chosen for broadscale genotyping based on primer interactions and flanking region lengths and grouped into four multiplexes of 24--40 loci. Pre-amplification and extension PCRs were performed on all population samples with the iPLEX® Gold genotyping reagent kit and then analyzed on the MassArray® Typer v4.0 analysis software. 80 of the 135 loci successfully amplified consistently across all populations and were used for the data analysis.

### H. ovalis

Genotyping was conducted using 12 species-specific microsatellite markers developed by Xu et al. ([@B106]) and van Dijk (unpublished), of which 7 (Hpo34-12 alleles, Ho31-2 alleles, Hpo55-12 alleles, Ho20-7 alleles, Ho51-5 alleles, Ho8-7 alleles, Ho5-3 alleles) amplified consistently and were informative. The number of alleles per locus ranged from 2 to 12. Multiplex PCR reactions with fluorescently labeled primers were run, analyzed, and scored as described for *T. hemprichii*.

Genetic analysis
----------------

Each sample site for each species was assessed to test the power of the genetic marker system used to detect unique multilocus genotypes (G). The probability of identity (P~ID~), that two individuals drawn at random within a population will have the same multilocus genotype, was calculated for increasing locus combinations (Waits et al., [@B98]) using the program GenAlex (v6) (Peakall and Smouse, [@B61]). Then based on the number of samples collected at the site (N) the expected number of individuals with the same multilocus genotype was estimated. Multilocus genotypes (G\'s) were identified using the package *poppr* in R (Kamvar et al., [@B45]). Levels of clonal richness were calculated as R = (G -- 1)/(N -- 1) (Dorken and Eckert, [@B18]). Clonal richness as opposed to other measures of clonality such as clonal heterogeneity of evenness was selected as this is the main descriptor of clonality that has been used in the literature to compare against latitudinal patterns or in relation to environmental drivers.

Species comparisons of clonal richness
--------------------------------------

To assess if the clonal richness among species differed, a Kruskall Wallis test was used to detect differences between the median and an independent test used to determine if the distribution varied. This was performed in SPSS.

Latitudinal and spatial patterns of clonal richness
---------------------------------------------------

For each species, the correlation of clonal richness at a site with latitude was assessed using the Pearson correlation coefficient (*p* \< 0.05). For the finer-scale, where two species were collected at the same sites, the correlation in clonal richness between species was also assessed as described above. This was performed in SPSS.

Drivers of clonal richness
--------------------------

We focused at the finer-scale with the two species *H. uninervis* and *H. ovalis* as the sampling sites overlapped. *T. hemprichii* over the broader scale was not analyzed as not all environmental factors were available over this scale. We identified a number of key environmental factors that have been demonstrated to influence clonal richness: disturbance (e.g., Eriksson, [@B21]), environmental stress (e.g., Sebens and Thorne, [@B75]), isolation and latitude. Two of these were associated with physical disturbance (cyclone disturbance and grazing disturbance), two with environmental stress (temperature and turbidity), and one with geographic isolation, as well as latitude.

### Cyclone disturbance

High winds during tropical cyclones have the potential to generate extreme waves given sufficient duration and fetch. Consequently, during a cyclone, seagrasses can be exposed to much larger than normal waves that rework bottom sediments, potentially removing individual seagrasses and sometimes entire meadows (e.g., Birch and Birch, [@B7]; Williams, [@B103]; K. McMahon personal observations from within the study area, Thevenard Island). We propose that disturbance from cyclonic seas thus has the potential to create a broad-scale physical disturbance. Cyclones frequently cross the north-west Australian coast, and play a major role in shaping ecological communities such as coral reefs (Zinke et al., [@B109]). Over the recent past (1985--2015), the region has been exposed to tropical cyclone activity from 1 to 5 days per year (Puotinen et al., [@B65]). Due to the potential for a large disturbance, we predict that sites exposed to more frequent and greater cyclone disturbance will have a low clonal richness.

For each site we generated a metric of the annual probability of exposure to cyclonic seas. We reconstructed cyclone generated wind speed every hour along cyclone tracks within the Western Australian region from 1985 to 2015 in a cyclone wind model (McConochie et al., [@B55]) using data from the International Best Track Archive for Climate Stewardship (IBTrACS---<https://www.ncdc.noaa.gov/ibtracs/>). To account for the contribution of non-cyclone winds to sea state, at each time step we blended the cyclone generated winds with synoptic winds obtained from the National Center for Atmospheric Research in Boulder, Colorado (CSFR---Climate Forecast System Reanalysis, downloaded from <https://climatedataguide.ucar.edu/climate-data/climate-forecast-system-reanalysis-cfsr>). We weighted cyclone winds increasingly more heavily with proximity to the cyclone center, and weighted synoptic winds increasingly more heavily with distance beyond three radii of the cyclone eye. Following Puotinen et al. ([@B65]), we used these data to estimate whether large wave conditions (top one-third of wave heights ≥4 m; significant wave height ≥4 m) were possible, assuming adequate fetch. A lack of high resolution bathymetry and reef/island mapping prevented a detailed adjustment for fetch. However, for each cyclone from Nov 2010 to Dec 2015, we used significant wave height, direction and period extracted from the nearest WaveWatch III global hindcast dataset (Tolman, [@B87]) (downloaded at: <http://polar.ncep.noaa.gov/waves/index2.shtml>) along with maps of the study sites to assess how exposed the sites likely were to incoming cyclone seas. We then calculated the annual probability that each study site was exposed to such seas for at least 1 h over the time period based on the Poisson distribution using the formula:
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where λ is the annual average number of times the site was exposed to rough seas each year from 1985 to 2015. This follows prior studies that calculated probabilities of TC landfalls (Tartaglione et al., [@B81]; Klotzbach, [@B49]). We assumed that cyclonic seas ≥4 m have the potential to remove seagrass genets, and the more frequently this occurs the more likely that clonal richness would be lower.

### Dugong grazing disturbance

We propose that grazing by *Dugong dugon* poses an intermediate level of disturbance. A significant proportion of the world\'s dugong are found in WA, from Shark Bay to the Kimberley, where they feed predominantly on seagrass (Marsh et al., [@B54]). They generally move through different habitats in small groups to feed (Gales et al., [@B26]). Dugongs graze by furrowing through the seagrass meadow, removing above and below-ground material and leaving small, bare furrows (Marsh et al., [@B54]). Therefore, we predict that this scale of disturbance would provide increased opportunities for recruitment from seed, resulting in higher clonal richness.

A number of dugong surveys have been carried out in the region over the last 10 years funded by industry (Chevron and Australia, [@B12]) and state government (Department of Biodiversity, Conservation and Attractions, unpublished data). However, varying methodologies and the potential for observer bias has prevented a synthesis of these studies that would enable creating a composite density map. These surveys encompassed all of our sites. From them, dugong grazing hotspots were identified based on the areas of highest dugong density (personal communication Amanda Hodgson and Holly Raudino). We used these data to classify each site based on whether a dugong grazing hotspot was present or absent.

### Temperature and turbidity

Both temperature and light are important physical drivers of seagrass distribution and productivity (Lee et al., [@B50]; Ralph et al., [@B67]). As our observations of *H. uninervis* are located close to its temperate range edge, lower temperatures may be more stressful and hence result in lower clonal richness. However, this does not hold for *H. ovalis*, given that the southern limit of our observations are \~10° north of its temperate water boundary. All seagrass species have high light requirements (Ralph et al., [@B67]), so sites with low light would be predicted to be under more stress and hence have a lower clonal richness.

MODIS (Aqua and Terra) L3 data at 4 km resolution were downloaded from the NASA Goddard Space Flight Center ocean color website (<https://oceancolor.gsfc.nasa.gov>) for the period 2002--2015 to assess variations in both sea surface temperature (SST) and water column turbidity across the region. Data were extracted at each sample location across a 3 × 3 pixel region that was centered sufficiently offshore (subtidal) to avoid data contamination from any land or shallow reef bathymetry. For SST, data contaminated by clouds or other poor quality data was initially removed using SST quality flags, and data quality was further assessed based on the variance within each 3 × 3 pixel region. A daily SST time series at each location was generated by averaging Aqua and Terra data, and the time series of daily SST were calculated.

Variability in turbidity across the study sites was inferred from MODIS Aqua observations of the diffuse attenuation coefficient at 490 nm (KD_490), a widely used indicator of light attenuation within coastal water columns (Chen et al., [@B11]; Wang et al., [@B99]). Data quality was assessed similarly to SST (removing cloudy and other contaminated data) to produce a daily turbidity measure at each location. Based on the depths at the extracted pixel locations (\>20 m depth) and relatively turbid conditions of the coastal waters, bottom contamination was estimated to be negligible.

### Distance from shore

If sites are isolated beyond regular dispersal distances, then if large scale losses occur and no seed-bank is present, the likelihood of recruitment into the disturbed area will be limited, resulting in a greater chance of low clonal richness. Seagrass meadows at our study sites are distributed along the coast and around islands. These islands range from 16 to 75 km from shore and are separated by 70--120 km from the nearest sampled island. However, mapping in this region is limited and there may be not yet discovered seagrass populations within these distances. We used distance from shore, as a proxy for isolation of populations.

### Statistical analysis: drivers at the finer-scale

The influence of environmental variables on clonal richness was analyzed using generalized additive mixed models (GAMMS; Wood and Scheipl, [@B104]). GAMMs use a sum of smooth functions to model covariate effects, allowing for more flexible functional dependence of the response variable on the covariates without requiring prior assumptions about the parametric form of the relationship. This was carried out independently for each species, as they were not collected at the same set of sites.

A full-subset method was used to fit models of all possible combinations of variables using the following rules. Prior to analysis several predictor variables were removed due to collinearity \>0.8. Latitude was considered but as it was strongly correlated with SST (*r* = 0.96 and 0.98 for *H. uninervis* and *H. ovalis*, respectively) it was not included. As distance from shore correlated with the probability of cyclone disturbance (*r* = 0.86) for *H. uninervis* it was not included in the model for that species. Models were limited to two explanatory variables and models containing variables with correlations exceeding 0.28 were excluded to avoid issues with collinearity among predictor variables, which can cause overfitting and difficulty interpreting results (Graham et al., [@B27]). The categorical variable of dugong grazing disturbance was included in the model as a factor. All models within two AICc-scores (Aikake Information Criterion corrected for a small sample size) of the best AICc-score were considered, as this is the threshold level for models with reasonable likelihood (Burnham and Anderson, [@B8]). However, the best model was selected based on parsimony and contained the fewest explanatory variables within two AICc units of the model with the lowest AICc-value (Burnham and Anderson, [@B8]). Finally, the *r*^2^-values were used to provide an indication of the predictive power of the model (Burnham and Anderson, [@B8]). The distribution of the response variables fitted a Gaussian distribution. The distribution of predictor variables was visually inspected and appropriate data transformations applied where necessary. Temperature (SST) was log transformed and turbidity (KD~490~) was square root transformed. Distance from shore was square root transformed for *H. ovalis*.

Results {#s3}
=======

Clonal richness determination
-----------------------------

All marker sets had a high probability of detecting MLGs generally with *p* \< 0.001 but in some cases \< 0.05. The expected number of samples with the same MLG was \< 1 in all but one case, at a *H. ovalis* site (Supplementary Table [1](#SM1){ref-type="supplementary-material"}).

Species comparisons
-------------------

There were significant differences in the clonal richness between species based on the median (*p* = 0.006) and distribution (*p* \< 0.001). Colonizing species, *H. ovalis* (*R* = 0.27) and *H. uninervis* (*R* = 0.19) had a lower median clonal richness and a more left skewed distribution than the persistent species, *T. hemprichii* (*R* = 0.74, Figure [2](#F2){ref-type="fig"}).

![Distribution of clonal richness for each seagrass species based on 14--17 sites per species. *H. uninervis* has the lowest median (*R* = 0.19) and is most skewed to lower clonal richness, *H. ovalis* is similar (*R* = 0.27) and *T. hemprichii* has a much higher median clonal richness (0.74) with a right skewed distribution.](fpls-08-02026-g0002){#F2}

Latitudinal and spatial patterns in clonal richness
---------------------------------------------------

There were no significant correlations between clonal richness and latitude for each species (Supplementary Figure [1](#SM3){ref-type="supplementary-material"}, Supplementary Table [2](#SM2){ref-type="supplementary-material"}). However, there was a significant correlation of clonal richness between species which co-occurred at sites (*R* = 0.803, *p* \< 0.01) indicating local scale-processes may be more critical in determining clonal richness (Supplementary Figure [1](#SM3){ref-type="supplementary-material"}, Supplementary Table [2](#SM2){ref-type="supplementary-material"}).

Drivers of clonal richness
--------------------------

Two models, exposure to cyclonic wave conditions and SST + dugong grazing presence were well-supported in explaining the clonal richness of *H. uninervis* (Table [1](#T1){ref-type="table"}). The most parsimonious was the probability of cyclonic wave conditions (*r*^2^ = 0.68). This model showed the highest clonal richness at intermediate levels of cyclone disturbance, a lower clonal richness at low disturbance levels and even lower at very high probabilities of cyclonic seas (Figure [3](#F3){ref-type="fig"}). In the other well-supported model, the clonal richness of *H. uninervis* increased with sea surface temperature and in the presence of dugongs (Figure [3](#F3){ref-type="fig"}, Table [1](#T1){ref-type="table"}). The probability of cyclonic seas had the highest relative importance (0.57), followed by dugong grazing (0.37) and SST (0.24) (Table [2](#T2){ref-type="table"}).

###### 

Outputs of the generalized additive mixed models (GAMMs) for predicting the clonal richness of *Halodule uninervis* and *Halophila ovalis* in NW Australia.

  **Species**            **Models**                   **AICc**    **delta.AICc**   **wi.AICc**   ***r*^2^**
  ---------------------- ---------------------------- ----------- ---------------- ------------- ------------
  *Halodule uninervis*   **cyclone.sqrt**             **1.114**   **0**            **0.572**     **0.677**
                         SST.log+dugong               3.078       1.964            0.214         0.639
                         dugong                       4.002       2.888            0.135         0.505
                         KD490.sqrt                   6.239       5.125            0.044         0.515
                         dugong+SST.log.by.dugong     7.714       6.6              0.021         0.64
                         null                         11.378      10.264           0.003         0
                         SST.log                      12.51       11.396           0.002         0.273
  *Halophila ovalis*     SST.log+dugong               8.525       0                0.315         0.566
                         **cyclone.sqrt**             **9.164**   **0.638**        **0.229**     **0.533**
                         **dugong**                   **9.425**   **0.9**          **0.201**     **0.382**
                         KD490.sqrt                   10.566      2.041            0.113         0.33
                         dugong+SST.log.by.dugong     11.59       3.065            0.068         0.624
                         null                         12.863      4.338            0.036         0
                         Dist.shore.sqrt+KD490.sqrt   14.399      5.874            0.017         0.34
                         SST.log                      15.069      6.544            0.012         0.076
                         Dist.shore.sqrt              15.505      6.98             0.01          0.066

*The Akaike Information Criterion corrected for small sample sizes (AICc), AIC differences (delta AIC~c~), model weights (wi.AICc), and the coefficient of determination (r2) are also reported. The best supported models are within 2 delta AIC~c~ and the most parsimonious model with best predictive power is in bold. The predictor variables are: Dist shore (the distance of each site from shore); Cyclone (the probability of exposure to cyclonic seas \> 4m); KD490 (a remotely sensed proxy of water column turbidity); SST (Sea surface temperature); and Dugong (presence of a dugong grazing hotspot). The transformation used for each predictor variable is also included*.

![Partial and residual biplots of relationships between predictor variables within two AICc of the top score for *H. uninervis* and *H. ovalis* clonal richness. Models were fitted using GAMMs with the solid black line representing the estimated smoothing curve and the dashed lines representing ± SE of the estimate. The most parsimonious model for *H. uninervis* was **(A)** probability of cyclonic seas. There were two most parsimonious models for *H. ovalis* **(D)** Probability of cyclonic seas, and **(E)** Dugong presence. SST (Sea surface Temperature) **(C,F)** was included in a top model when combined with dugong **(B,E)** for both species.](fpls-08-02026-g0003){#F3}

###### 

Variable importance of the predictor variables from the generalized additive mixed models (GAMMs) for predicting the clonal richness of *Halodule uninervis* and *Halophila ovalis* in North Western Australia.

                         **Dist shore**   **Cyclone**   **KD490**   **SST**   **Dugong**
  ---------------------- ---------------- ------------- ----------- --------- ------------
  *Halodule uninervis*   NA               0.572         0.044       0.240     0.370
  *Halophila ovalis*     0.027            0.229         0.130       0.395     0.584

*See Table [1](#T1){ref-type="table"} legend for description of predictor variables. Colors indicate the relative importance and are scaled from green---least important to red---most important*.

The models that best predicted *H. ovalis* clonal richness were the same as for *H. uninervis*, but also included a third model, dugong grazing as a single variable. The most parsimonious were the two models with a single predictor, cyclone disturbance and dugong grazing hotspot (Table [1](#T1){ref-type="table"}). *H. ovalis* clonal richness was highest with intermediate levels of cyclone disturbance and lowest at both a low and high probability of cyclonic seas (Figure [3](#F3){ref-type="fig"}, Table [1](#T1){ref-type="table"}). Clonal richness also increased in the presence of dugongs and with temperature (Figure [3](#F3){ref-type="fig"}, Table [1](#T1){ref-type="table"}). For *H. ovalis*, the relative importance of the predictor variables was greatest for dugong grazing (0.58), followed by sea surface temperature (0.39), then cyclone disturbance (0.23) (Table [2](#T2){ref-type="table"}). SST by itself is a very poor predictor of clonal richness in both species. It ranked below the null model based on AICc selection but added some value to dugong grazing as it was ranked second in the variable importance table for both species (Table [2](#T2){ref-type="table"}).

Discussion {#s4}
==========

Disturbance and SST predict clonal richness
-------------------------------------------

Disturbance combined with sea surface temperature strongly explained spatial patterns in clonal richness in the two colonizing species assessed. But there were no significant patterns with latitude for all three species, where two species were at or very close to their range edge. This finding points to the importance of disturbance and environmental conditions in influencing the clonal richness of populations of colonizing species of seagrass, rather than evolutionary timescale processes that have been shown to influence latitudinal genetic diversity patterns in this region (Pope et al., [@B63]; Hernawan et al., [@B32]). Studies that have identified latitudinal patterns in clonal richness (e.g., Stenström et al., [@B80]) have extended into very high latitudes latitudes, quite dissimilar to the more tropical environment of this study. We recommend further studies to investigate these patterns over broader latitudinal scales.

Over ecological time-scales and across multiple generations, the clonal richness of a population is dependent on the recruitment rate of new genets, the longevity or mortality rates of these genets and the interactions between genets (Sebens and Thorne, [@B75]; Eriksson, [@B21]). Disturbance from tropical cyclones and dugong grazing, as well as SST can all directly impact these processes, but the nature or level of disturbance appears to be important. The study area is a region of high cyclone activity, with 1--5 days exposure every year and sites with a high probability of cyclone disturbance are likely to experience cyclones in multiple years. Extreme cyclone disturbance can clearly provide a mechanism for increased genet mortality, either completely removing all genets or the majority of the genets. When this is repeated over multiple years, the population could be reduced further leading to low clonal richness. In addition, if the seed bank is removed or there is not enough time between repeated cyclones for the seed bank to develop, this would reduce the potential for new genets to enter the population, limiting clonal richness. As dispersal between meadows is predicted to be quite restricted in these species due to their non-buoyant fruits and seeds (Kendrick et al., [@B47]), recovery of cyclone impacted sites by dispersal of recruits from adjacent meadows is likely to be limited. This was seen in our study where sites with high probabilities of cyclonic seas \>4 m had low clonal richness. But at sites with intermediate levels of disturbance from cyclonic seas, where they are sometimes exposed to cyclones over a year, clonal richness was highest. An intermediate probability of cyclonic seas is still likely to lead to some genet mortality, but with more time between disturbance events, the seed bank can develop, enabling the recruitment of new genets into the population. At low levels of disturbance, the model of Sebens and Thorne ([@B75]) predicts clonal richness could range from low to high, depending on the competitive interactions between genets and the recruitment rate of new genets into the population. We found that meadows with low levels of disturbance indeed had lower clonal richness than meadows exposed to intermediate levels of disturbance; however, the relative amount of clonal richness varied between the two species, potentially driven by recruitment rates of new genets or genet interactions.

Regular-repeated grazing, as long as it does not result in increased mortality rates of genets (e.g., Hangelbroek et al., [@B30]), could lead to increased recruitment (see Inglis, [@B42]) through providing microhabitats for seeds to germinate (e.g., Reisch and Scheitler, [@B69]), seedlings to establish and enhance clonal richness. In this region, dugongs generally feed in small groups (Hodgson et al., [@B36]), so almost complete removal of meadows is unlikely, although in other densely populated locations (e.g., Moreton Bay, Australia) it has been observed (Preen, [@B64]). There is a feedback mechanism with dugong grazing, where disturbance, here the fragmentation of the rhizome from grazing, stimulates flowering, fruiting, and hence the density of the seed bank (Alexandre et al., [@B1]; Cabaço and Santos, [@B10]), leading to the potential for more recruits. Dugongs can disperse seeds from one population to another (McMahon et al., [@B56]; Kendrick et al., [@B46]; Tol et al., [@B86]), providing another pathway for recruitment and an increase in clonal richness among grazed sites for seagrass species with hard-coated seeds.

Temperature on its own did not explain patterns in clonal richness, identified through both the latitudinal assessment, where latitude can be a proxy for temperature, and the GAMM results. However, in combination with dugong grazing it was an important driver of clonal richness. Temperature may be important for the effect it has on dugong grazing pressure and/or seagrass reproduction. Higher temperatures are known to increase reproductive effort for some seagrass species or the number of reproductive events within a year (de Cock, [@B15]). For example *H. ovalis* sexually reproduces annually, over the summer period in temperate regions (e.g., Hillman et al., [@B34]) but can have multiple flowering times in the tropics (Waycott et al., [@B100]). Therefore, if higher temperatures reflect greater sexual reproductive output over a year, this could manifest in an increase in the number of recruitment times. The effect of temperature on dugong grazing pressure is not known, although lower temperatures limit dugong distribution over its distribution range and at the local scale (Anderson, [@B2]; Marsh et al., [@B54]). If higher temperatures result in more grazing at a site, then this combined with increased reproductive output through dugong grazing, could lead to the higher clonal richness observed in this study.

Despite our observations of *H. uninervis* being located closer to its range edge (\~500 km) compared to *H. ovalis* (\~1,200 km), the clonal richness of both species was explained by the same drivers. This may be due to the similar life-history strategy of the two species; colonizers that are not very resistant to disturbance, potentially have short life-spans and use dormant seed banks as a mechanism for recovery (Ooi et al., [@B60]; Kilminster et al., [@B48]). Therefore, the two critical processes influencing clonal richness, recruitment of new individuals into the population and mortality or longevity of genets (Eriksson, [@B21]) may respond in the same way to disturbance and temperature. For example, in relation to the mortality of genets with cyclone disturbance, both species are quite small, with a similar investment in below-ground material that would act as a poor anchor for plants during cyclonic seas. Recruitment and introduction of new genets could occur via three main mechanisms: settlement of vegetative fragments, germination of the seed bank or dispersal of seeds via dugongs and the subsequent germination of these seeds (McMahon et al., [@B56]). Recruitment via vegetative fragments has been recorded in both species (Hall et al., [@B28]; Wu et al., [@B105]) with similar durations of viability (maximum \~4 weeks) as well as via seed banks (Inglis, [@B42]; Rasheed, [@B68]) and through biotic dispersal by dugongs (Tol et al., [@B86]). They are also both commonly grazed by dugongs (Marsh et al., [@B54]) so small-scale, repeated grazing has the potential to enhance recruitment. In fact, a higher density of *H. uninervis* seeds has been observed in dugong feeding scars and they have an increased probability of seed germination and recruitment following grazing (Inglis, [@B42]).

Species differences
-------------------

The main difference between the two colonizing species was the absolute levels of clonal richness; *H. uninervis* had a more skewed distribution with lower clonal richness. It could be possible that this is due to the type of markers used (Arnaud-Haond et al., [@B3]) but as the SNP\'s marker system employed for *H. uninervis* had a higher probability of detecting MLG\'s than the microsatellite system used for *H. ovalis*, this is unlikely to be the case. An alternate hypothesis for the lower clonal richness in *H. uninervis* is the relative rates of recruitment of new genets into meadows, where *H. uninervis* has a lower recruitment rate compared to *H. ovalis*. Both species have the potential to produce seed at each node on a ramet, although at peak flowering times, usually \<20% of nodes have flowers, but *H. ovalis* has more seeds per fruit, up to 15 as opposed to only one in *H. uninervis*. So a relatively lower seed bank density could reduce the number of recruits entering the population following a large scale disturbance impacting clonal richness in *H. uninervis*. Populations with low reproductive effort have also been recorded for *H. uninervis* (Olesen et al., [@B58]) indicating that low seed production could also contribute to this process. To understand the conditions of the local populations in this study, further research is required on the reproductive biological processes and recruitment mechanisms.

Compared to the colonizing species, the persistent species, *T. hemprichii* generally had much higher clonal richness. From a life-history perspective, persistent species are characterized by being more resilient to disturbance, having longer life-spans and slower recovery rates, through a combination of recruitment from seed and vegetative expansion (Kilminster et al., [@B48]). Therefore, based on the "Repeated seedling recruitment" (RSR) strategy described by Eriksson ([@B21]), over time, continual recruitment from seed, even at a low rate, can lead to a high clonal richness, especially with long-lived genets. Moderate to high levels of clonal richness have been observed in many meadows of persistent species (e.g., Arnaud-Haond et al., [@B4]; van Dijk and van Tussenbroek, [@B90]; Sinclair et al., [@B78]). Although factors driving clonal richness for *T. hemprichii* were not investigated in this study due to the challenge of obtaining a similar set of environmental drivers over the broader spatial scale, disturbance can have contrasting effects. For example van Dijk and van Tussenbroek ([@B90]) showed sites with higher disturbance from wave energy had higher clonal richness compared to more protected sites (e.g., van Dijk and van Tussenbroek, [@B90]) but Diaz-Almela et al. ([@B17]) found meadows exposed to aquaculture pollution had lower clonal richness. Due to the effects of the environment and the interactions with genet mortality and recruitment, it is likely species with different life-history strategies would respond differently to disturbance. As was shown in this study, colonizing species that are not as long-lived and less resistant to disturbance have a more dynamic boom and bust cycle and thus may be more likely to have a lower clonal richness. Clearly more research is required to investigate patterns of clonal richness in relation to the life-history strategy of seagrasses.

A meta-analysis on clonal, terrestrial plants did not find a consistent pattern with life-history strategy and clonal richness (Honnay and Jacquemyn, [@B37]). However, studies in the coral literature show similar patterns. In colonizing coral species, clonal richness declines with increasing physical disturbance and this has been explained through the re-attachment of fragments post disturbance (Foster et al., [@B24]), and under extreme high levels of disturbance the majority of genets can be removed from a location, leading to very low clonal richness (Coffroth and Lasker, [@B13]). Indeed, a recent study in NW Australia in the same area as this study, found that the colonizing coral *Pocillopora damicornis* had lower clonal richness (Thomas et al., [@B82], [@B83]) compared to the stress tolerant and persistent *Cypahstrea micropthalma* (Darling et al., [@B14]; Burt et al., [@B9]; Howells et al., [@B38]) collected at the same locations where all individuals collected had unique genotypes (Evans unpublished data).

Management implications
-----------------------

This study has highlighted three key drivers of seagrass clonal richness: exposure to cyclonic seas, dugong grazing and average SST, all of which are changing under human pressures. It is predicted that in the absence of large reductions in greenhouse gas emissions the number of cyclones will not change but the severity of the cyclones will increase, with a greater proportion being more severe (Sobel et al., [@B79]). Based on the findings in this study, such increases will potentially lead to more sites with low clonal richness or local extinctions. Interestingly, the coast of Western Australia has the highest frequency of cyclone crossings in the Indo-Pacific region with an average of three cyclones per year (Lough, [@B52]). Comparisons of the levels of clonal richness and its drivers would be fruitful in other regions to assess whether these patterns hold where cyclones are not as prevalent.

Globally the dugong population is declining (Marsh and Sobtzick, [@B53]) related to a range of threats such as incidental by-catch, hunting, boat strikes, and habitat loss, often associated with land-use (Marsh et al., [@B54]; Quiros et al., [@B66]). This study has demonstrated that reduced grazing pressure can have negative impacts on clonal richness. A declining dugong population presents a negative feedback resulting in reduced grazing pressure on seagrass, which could lead to reduced seagrass resilience due to a lowered clonal richness and associated loss of within population diversity. Jackson et al. ([@B43]) proposed that collapses of seagrass meadows and other marine habitats could be due to the massive reductions in mega-grazers compared to historical levels, and this study provides one possible mechanism for this.

Unlike the global trajectories for cyclone exposure and dugong grazing pressure, which do not bode well for tropical seagrass, a warming climate may have a positive effect on clonal richness, as long as the temperature does not increase above the normal tolerance limits of the populations. The positive relationship between average temperature and clonal richness of seagrass meadows implies that increased temperature, particularly in the more temperate populations, may stimulate more flowering and seed set, and thus increase local recruitment, clonal richness, and the genetic adaptive capacity. However, while the increasing temperatures in temperate regions may seem like a positive story, the recent reduction of temperate species seagrass meadows in the subtropical part of this study region, associated with heat waves (e.g., Fraser et al., [@B25]) demonstrate negative impacts where temperature exceeds the tolerance limits for those species and the taxa associated with them (Thomson et al., [@B84]). For the tropical species in this study, this may mean a range reduction at the lower latitudes and expansion at the higher latitudes (Hyndes et al., [@B41]).

Clonal richness has significant implications for genetic resilience as low clonal richness implies a small population with low genetic diversity and limited ability to resist and adapt to environmental change (Hughes and Stachowicz, [@B39], [@B40]; Reusch et al., [@B72]; Ehlers et al., [@B19]; Engelhardt et al., [@B20]; Salo et al., [@B74]). A low clonal richness also means a low potential to produce viable offspring and develop a seed bank, an important process to enable recovery from extreme events that result in mass mortality. Consequently, to effectively manage and conserve seagrass habitats, clonal richness, and the factors affecting it such as dugong density should be understood to help guide decision-making. For example, Engelhardt et al. ([@B20]) identified that clonal richness was very important for increasing the probability of flowering and seed set in the clonal aquatic plant, *Vallisneria*, and to manage threatened habitats, recommended introducing genotypes with an appropriate phenotype set to enhance reproductive potential and resilience. Clonal richness of seagrass meadows in a local and regional context, should be considered as part of the tool box for informing conservation management decisions (Unsworth et al., [@B88]), and those meadows with low clonal richness should be flagged as at greater risk as they are less resilient to environmental change.
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